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Recovery, recrystallization, hardness, and x-ray studies were 
made on a commercially produced lanthanum metal„ Arc melted lanthanum 
was cold worked and vacuum annealed to provide specimens for testing. 
Lanthanum of this purity was found to work harden rapidly and therefore fail 
with relatively low amounts of cold work. Definite recrystallization phe­
nomena were not determined although recrystallization is postulated to 




Lanthanum, which is the beginning of the lanthanide series of 
inner transition elements, is also called a rare earth (1)*. These metals 
are not really "earths" chemically speaking nor are they "rare" in the 
earth's crust(2). These metals called rare earths have a common link in 
that they all fall in the sixth period in the periodic classification of the 
elements and most of them vary from each other only in the number of 4f 
electrons they contain(3). The rare earths are similar in their properties 
which stems from their related electron configurations. The basic xenon 
core and the three outer valence electrons determine their chemical prop­
erties, which, in turn determine their occurrance and methods of separa­
tion. Since they are so closely related in chemical properties, their 
separation from each other in either large quantities or high purities was 
relatively non-existent until the early 1940's(2;4). It was during this 
period that ion exchange techniques were developed to produce the indivi­
dual rare earth oxides of purities in the 98-99 per cent range (2;5;6;7;8). 
With these purities and larger quantities available it became possible to 
initiate research into the basic properties of the rare earth metals. Gener 
ally speaking, the rare earths physical properties have been well establish 
ed (5;6;9; 10; 11; 12; 13), but little information on their chemical(l; 14) and
* The numbers appearing in parenthesis refer to the list of references 
appended to this paper.
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mechanical properties (14; 15) is available.
Early workers such as Jaeger, Bottema, and Rosenbohm(l6), 
and Trombe and Foex(17) pioneered modern research on lanthanum metal 
of reasonable purity(98.8 - 99.2% lanthanum). In the past several years, 
government and private contracts to various organizations such as the Ames 
Laboratory, the United States Bureau of Mines, and the Wright Air Develop­
ment Center have spurred new and more productive research into the prep-
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aration and properties of the rare earth metals. Private industry is also 
energetically working on the problem of producing large quantities of rare 
earth metals of high purity with Lindsay Chemical Company, Michigan 
Chemical Company, and Mallinckrodt Chemical Works being prime pro­
ducers .
Research and development on lanthanum is still in the early 
stages and will continue to be until metal of sufficiently higher purity is pro­
duced. It is very difficult to forecast the future uses of lanthanum because 
of the present inadequate knowledge of its properties and alloying behavior. 
Still, as Table 1 illustrates, there is a significant variety of possibilities 
for its utilization in industrial products and processes.
An initial examination of the literature on lanthanum revealed 
a moderate amount of data on metallographic techniques and a very limited 
amount on hardness and cold working characteristics. No data was found 
describing the process of recovery, recrystallization or grain growth. This 
thesis was directed toward the determination of cold workability, recovery, 
recrystallization, and grain growth in order to establish some data in this
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TABLE 1. INDUSTRIAL AND COMMERCIAL APPLICATIONS OF 
LANTHANUM
No. Application Ref.
1 Lanthanum salts used in coloring phosporescent
preparations 6
2 used in the preparation of high quality-
optical glass exhibiting a high degree of refrac­
tion and very little dispersion 2;4;6
3 La2 C>3 as an absorbent of residual gas in radio
valves 6
4 Lathanum oxides used in high temperature (950°
to 1400OF) batteries 2
5 Iron-Lanthanum alloys are extremely hard and
possible applications are now under investigation 4;6
6 Aluminum-Lanthanum alloys are stable in air and
possess a high degree of resistance to attack by 
acids 6
7 Lanthanum used in beauty preparations and in
sea-sickness remedies 4
8 Lanthanum oxide used in ceramic glazes 4; 6
9 Rare Earths in general have been suggested for
use in the following applications:
a) Magnetic ceramics and alloys 2;4
b) Scavenger applications 2
c) Ceramics with better heat radiation
and electronic applications 2;4
d) Semiconductor and rectifier alloys 2
e) Additions to stabilize heating elements 2
f) Polishing compounds 4
important area. In order to accomplish this, it was found necessary to 
develop improved metallographic techniques for lanthanum metal.
CHAPTER III
MATERIALS AND EXPERIMENTAL PROCEDURES
The lanthanum used in this investigation was produced by the 
Michigan Chemical Company and was received in cast cylindrical ingot 
form. The manufacturers analysis and as-cast hardness are given in 
Table 2.
TABLE 2. CHEMICAL ANALYSIS OF LANTHANUM METAL*/
Element versus composition (weight per cent)
A1 Si .01 Nd * *
Ca 0.02 Ta —— Pr 0.10
Cu .01 Ce - - - - Sm * *
Fe ------ Eu * *§./ 02 0.06
Ni 0.02 Gd * *
—/ As-received hardness - 33.9 VHN
2 /— Not detected (------)
^^Not analysed for (* *)
Consolidation of metal. The as-received ingot was sectioned by 
hacksaw into chunks weighing from 50 to 65 grams. Since lanthanum is 
somewhat pyrophoric, constant cooling with water was found necessary
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during sectioning in order to prevent burning and overheating of the metal. 
These sectioned chunks were then consolidated by arc melting into two 
cigar-shaped ingots of dimensions as shown in Table 3.























1 109.25 109.06 0.465 0.830 3.97 40.1
6 48.70
3 48.20
2 110.55 110.45 0.453 0.860 3.96 38.0
4 62.35
—̂ As melted hardness
The arc melting was done in a non-consumable arc-furnace de­
signed and built by the United States Bureau of Mines. This furnace uses 
a helium atmosphere and a water-cooled copper mold to prevent contami­
nation of the melt by either gaseous impurities or by alloying with crucible 
material. A movable, water-cooled, thoriated tungsten cathode powered 
by a 400 amp. capacity Westinghouse D.C. arc welder unit furnished the 
heat necessary for melting.
Prior to melting of the lanthanum, the arc furnace was purged
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of all air by: first, evacuating and back filling with helium five times to a 
final atmosphere of helium and second, by scavenging the helium atmosphere 
by melting five titanium hiuttons ten times each.
Following scavenging, the chunks of lanthanum were consolidated 
into cigars by melting four times at 150 amps, with the ingot being turned 
over after each melting. The last back side of the cigar was melted slightly 
at 100 amps, to "touch-up" the rough surface that was left from the melting 
operation.
Fabrication equipment. After consolidation into cigar-shaped in­
gots by arc melting, the ingots were given a variety of cold-working and an­
nealing treatments to reduce them to sheet form. Cold working methods con­
sisted of press-forging, square-rolling, and flat-rolling. Press-forging wai 
done on a 120 ton capacity hydraulic press and flat-rolling was done on a set 
of Stanat 4-inch rolls. Square-rolling was accomplished by using Oliver 
rolls with a set of gradually diminishing openings. Cold-working in this 
paper is expressed as per cent reduction in thickness, and as taking place 
at room temperature.
All annealing treatments were carried out in vacuum regardless 
of the purpose of the anneal, the type of specimen to be annealed, or the 
type of furnace used for the anneal. Vacuums attainable for all anneals were 
in the range of 0.5 to 1.5 microns. Temperature sensing was by a chromeL 
alumel thermocouple assembly with its millivolt output being measured by 
a Leeds and Northrup Precision Potentiometer (model No.8662).
Large sections of lanthanum were annealed in a 3/4 inch I. D.
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vycor tube which was placed within a Hevi-Duty Multiple Unit tube furnace. 
Control of this furnace to within +_ 5°C was obtained with a Variac reostat.
Small specimen which were fabricated for the metallographic and 
hardness surveys were all annealed in a Lindberg box-type furnace which 
was regulated by a Lindberg controller (model no. 292). This furnace was 
controllable to + 5°C at low annealing temperatures and to + 2°C at the high­
er temperature ranges. Specimen to be annealed were placed within a 3/8 
inch I.D. vycor tube which was sealed at one end and connected at the other 
end to a Welsh Duo-Seal vacuum pump and oil diffusion pump. The vycor 
tube, upon attaining a maximum vacuum, was inserted through a hole in the 
front of the Lindberg furnace and into a stainless steel tube. A chromel- 
alumel thermocouple was anchored to this steel tube for temperature meas­
urement during the anneal. At the end of an anneal the vycor tube was with­
drawn from the furnace and quenched under water. The tube and specimens, 
while still under vacuum, were left under water approximately 20 minutes, 
which was sufficient time for the specimens to cool to room temperature.
Fabrication procedures. Initial break-down of the as-cast ingot 
was carried out by a series of cold-working and annealing treatments. Var 
ious sequences of press-forging, square-rolling, and flat-rolling wert used 
as well as various annealing temperatures and times. It was attempted, 
during this stage of fabrication, to keep the ingot in a relatively whole and 
unfractured condition.
The 0.090 inch thick sheet necessary to begin the hardness and 
metallographic surveys was obtained by reduction of arc melted ingot no. 2
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by the above procedures. Upon reduction of this sheet to 0.090 inches, tSoe 
strip was given an anneal of 500°C for 1/2 hour in the Hevi-Duty furnace. 
From this annealed state it was given 5, 15, 25, and 40 % reductions with a 
section from each reduction and from the annealed state being retained for 
subsequent annealing treatments. These reductions were done by flat-roll­
ing at approximately 0.001 inches per pass.
These rolled reductions were then sectioned into 1/4 inch speci­
men for annealing in the Lindberg furnace. A specimen from each of the 
five reductions (0,5,15,25, and 40 %) was then annealed at various temper­
atures over the range of 100° to 900°C for a period of 1/2 hour at temper­
ature (the specific temperatures are listed in Tabic 4). For all anneals a 
Ti-25Zr rod was included with the specimens as a scavenger to help reduce 
contamination of the specimen.
Metallography. The longitudinal cross section of all specimens 
was mounted for subsequent metallographic, hardness, and x-ray diffraction 
surveys. Cold-worked specimens and specimens that had been annealed at 
or below 150°C were mounted in a cold setting resin called "Koldmount".
All other specimens were mounted in lucite. The cold mounted specimens 
were cured in a refrigerator to minimize the possible effects of heat from 
the exothermic curing reaction. After mounting, the specimens were polish­
ed in the following manner: (1) Wet (ethyl alcohol) rough grinding on 240 
and then 600 grit silicon carbide paper, (2) fine grinding with 14 and then 8 
micron diamond on a sheer nylon marquisette lap using Stadoil lapping oil 
as a lubricant, (3) Ulstrasonic cleaning in ethyl alcohol after each fine
grinding operation.
10






Percent cold rolled reduction 
0 5 15 25 40
26,28 Cold-worked 39.6 51.8 56,4 61.3 63.7
31,33 100 41.6 51.4 55.9 62.5 65.5
111,113 175 44.7 50.4 57.9 61.6 67.3
36,38 250 43.8 52.3 58.2 62.2 64.5
41,43 300 42.8 49.8 54.0 55.3 58.5
46,48 350 42.4 48.2 53.3 55.4 56.8
51,53 400 42.7 47.9 52.2 53.5 52.9
56,58 450 45.7 47.6 47,2 42.8 44.4
61,63 500 41.4 45.1 40.3 41.0 42.6
66,68 550 39.4 38.9 39.1 40.2 42.0
71,73 600 38.3 37.0 38.5 39.4 40.6
76,78 650 39.4 37,1 37.4 38.9 41.7
81,83 700 38.5 36.7 37.1 38.1 39.2
86,88 750 36.7 35.6 35.6 36.8 35.5
91,93 800 37,4 36.7 35.6 36.8, 36.3
96,98 850 37.1 37.4 36,3 35.8 36.3
101,103 875 33.3 34.0 34.2 35.0 35.3
106,107,109 900 35.3 34.5 33.9 33.8 33.8
i./ Hardness is •°fan average/\3 to 5 tests using a 5 kg. load.
? /o  through 40 per cent reduction specimens mounted in two mounts except 
900°C anneal.
3 1
— Anneals for l /2  hour in vacuum.
Specimens were then given a combination electropolish~ 
electroetch at no-load voltages ranging from 0,2 to 1,0 volts. Specimens 
were polished and etched by using a swabbing technique in which the speci­
men is made the anode and an electrolyte-soaked cotton swab is the cath­
ode. Various combinations of time, number of cycles, and voltages were
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used, depending upon what condition the specimen was in. The two electro- 
lytes used are listed below with their chemical compositions.
Electrolyte no. 1 Glycerin 3 parts
Nitric acid 2 parts
Acetic acid 2 parts
Electrolyte no. 2 Ethyl alcohol 96 ml.
Nitric acid 2 ml.
Acetic acid 2 ml.
Higher voltages were used to etch specimens which had been annealed at 
high temperatures and low voltages were used for specimens annealed at 
low temperatures.
Hardness. Hardness measurements were made by a Vickers- 
Armstrongs testing machine using a 2/3 inch objective and a load of 5 kg. 
Reported Vickers Hardness Numbers (VHN) are an average of from 2 to 13 
indentations depending upon the specimen size. Three to five impressions 
were averaged for specimen used in the recovery and recrystallization 
study.
X-ray diffraction. Specimens used for x-ray diffraction studies 
were the same mounted specimen used for the metal]ographic and hardness 
surveys. For the x-ray diffraction study a Norelco diffractometer unit 
utilizing a Geiger-counter x-ray goniometer and a Brown strip chart 
recorder was used. All specimens were scanned in the as-mounted (lucite 
or "Koldmount") condition and at the same instrumental settings (slits, 
scanning speed, counting rate, time constant, and scale ratio). CuKoc 
radiation (1.5418 R ) was used at a power input of 35 kv and 15 ma.
Immediately prior to scanning, the specimen surfaces were rough ground
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on grit no. 1 emery  paper and etched chemically with electrolyte no. 1 to 
remove the oxide coating and cold-worked metal respectively. When the 
specimens were mounted for metallography, the 0 % and 5 % cold-worked 
specimens were mounted in the same mount for each annealing temperature 
and the 15, 25, and 40 % specimens were mounted together. Thus, the 
resultant diffraction patterns represent a scan of the 15, 25, and 40 % 
worked and annealed metal for each temperature. There was also an addi­
tional specimen prepared for diffraction which would give an all phase 
pattern. This specimen (no. 3226) was cold-rolled 55 %, annealed at 680° 
to 765°C for 17 hours, cooled at 9°C per hour to 230°C, and then furnace
cooled to room temperature
CHAPTER IV
RESULTS AND DISCUSSION
Commercial lanthanum in the as-received form had a structure 
as shown in Figure 1. Figure 2 is the microstructure of the commercial 
lanthanum after arc melting. It can be noted that the arc melted lanthanum 
has a smaller grain size and a finer dispersion of second phase impurity 
than does the as-received ingot. This indicates that the as-received ingot 
was cooled at a much slower rate from the molten state than was the arc 
melted ingot. It can also be noted that both microstructures contain ap­
parent twinned structures. Burke and Turnbull (18) state that annealing 
twins are rarely, if ever, found in cast metals. They state that a twin may 
be formed when a migrating grain boundary encounters a discontinuity in the 
lattice which is oriented correctly to favor the twinning act. They also 
state that grain boundary migration has little chance to occur in the cast 
state. Clark and Craig (19) also state that twinning in the cast state is un­
likely since undeformed crystals will not produce annealing twin bands.
The twinning in the as-received and the arc melted structures must there­
fore be a result of a combination of slight internal strains caused by cooling 
and more probably, due to the fact that there is the alpha-beta transforma­
tion involved in cooling where the beta lanthanum is a F .C .C . metal.
Figure 3 shows these apparent twinned structures at a higher magnification.
As a preliminary study, arc-cast cigar no. 1 was subjected to a
variety of cold working and annealing treatmeri s to determine a feasible
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m ethod for reducing the lanthanum ingots to sheet suitable for subsequent 
testing pi ocedures. It was found that cold working at room temperature was 
not very satisfactory for reducing a large ingot, since it involves a series of 
alternate cold reduction and annealing cycles. Working lanthanum at tem­
peratures above room temperature would require protection against contam­
ination which would involve a lengthy study in developing a protective system 
As a possible solution to this problem a method of sheathing the lanthanum 
within a helium-filled metal capsule could be suggested. Aluminum or 
copper, which form eutectics with lanthanum at 470°C and 620°C respec­
tively (12;20), would probably be accepted for hot rolling at temperatures of 
400°C and 500°C respectively.
Although time consuming, the alternate cold working and anneal­
ing procedure was used for the reduction of both ingots. Ingot no. 1 is 
shown in Figure 4 in the arc-cast condition prior to any deformation. Upon 
cold press-forging ingot no. 1 15 a large crack developed (Figure 5) on 
its top side. This cracking of ingot no. 1 prompted a remelt of cigar no. 2 
and a "touch-up" of both sides of the ingot. Upon cold-pressing cigar no. 2 
fourteen per cent no cracking developed, which indicated that the initial 
cracking of cigar no. 1 was due to a large as-cast grain size or an internal 
flaw. From the working procedures used on cigar no. 1 it was found that 
cold reductions to the ingot should be kept below 25 % and that anneals 
should be at or above 600°C for 1/2 hour.
In giving cigar no. 2 its final set of cold reductions (5, 15, 25, 
and 40 %), a small remaining section of this sheet was cold rolled further.
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It was found that no cracking was apparent at a 40 % reduction ( Figure 6B.), 
but at a reduction of 47 % profuse cracking appeared (Figure 6C.). Further 
rolling to 55 % reduction caused the metal to break-up completely.
During annealing treatments of the metallographic specimens it 
was noted that at temperatures at and above 850°C, the specimens would 
stick to each other. At the 900(")C annealing temperatures, specimens which 
were in contact with each other in any way would fuse together by apparent 
melting at the interface (Figure 7). This is believed to be melting of the 
metal interface rather than liquidation of the prior grain boundaries (21) 
since the grains in this area are noticeably smaller than the internal grains.
The hardness of cold worked and annealed lanthanum is tabulated 
in Table 4 and illustrated graphically in Figure 8. Lanthanum work hardens 
rapidly with the first few per cent reduction (51 % of the total hardening 
occurs with the first 5 % reduction). Annealing at low temperatures (100° 
to 250°C range) has a hardening effect on the already work hardened mater­
ial with the more highly cold worked metal showing a higher degree of 
hardening. The hardening on annealing is believed to be some form of an 
aging or solution hardening (22;23) process. Simmons (15) also noted a 
similar rise in hardness in the annealing range of 90° to 200°C for cold- 
worked gadolinium metal which was attributed to some form of aging. 
Softening or beginning of recovery starts at temperatures in the 175° to 
250°C range (Figure 8). An anomaly in the hardness curve (Figure 8 ) 
is noted at temperatures from 300° to 450°C which becomes less pronounced 
at the higher percentages of cold work. A very similar anomaly was
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present in the hardness curve for electrorefined vanadium metal which was 
investigated by Ramsdell, et al (24). They state that the terminus of this 
anomaly corresponded to the beginning of microscopic recrystallization 
for the various cold reductions that were investigated. If this analogy can 
be drawn here, the microscopic recrystallization for lanthanum should 
start at approximately 400°C for metal cold worked 15 % or more. As the 
cold reduction becomes less, the start of recrystallization increases to 
higher temperatures with the 5 % reduction possibly starting to exhibit 
recrystallization at 450° to 500°C.
Rapid softening (Figure 8) takes place in the 400° to 500°C range 
and subsequently becomes less drastic, although still decreasing, to the 
900°C anneal. As will be noted, there never appears to be a leveling off in 
hardness. This indicates that there still remain unrelieved stresses in the 
metal even after an anneal very close to the melting point of 920°C (5; 12). 
Also, by annealing at 400° to 450°C, sizeable differences in hardness due 
to cold work are almost equalized.
It should be mentioned at this point that because of the alpha- 
beta transformation in lanthanum, metallographic structures are very 
indefinite as to where recrystallization and grain growth start. Actual 
grains are not apparent in microstructures for any reduction until the 850°
C anneal (Figures 9 and 10). From this temperature the grain size does 
not increase noticeably with the 900°C anneal (Figure 11). Appearance of 
grkin boundaries at these high temperatures seems therefore to be a result
of diffusion of impurities to the grain boundaries. Discontinuous grain
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growth in the 40 % reduction occurs at 850°C (Figure 12) but subsequently 
reverts to continuous growth at 875°C (Figure 13). It should be emphasized 
that the difficulty in interpreting microstructures is due to their complicated 
structure rather than to poor metallographic technique. The author feels 
that a great improvement in the metallography of lanthanum has been made 
in adopting the swab etch-polish technique that was used in this investigation. 
Structures delineated in this paper are felt to be far superior to those found 
in the literature (14;25;26).
As was mentioned previously, metallography did not provide an 
answer to recrystallization phenomena and when this became apparent a 
brief x-ray diffraction study was made using these same metallographic 
specimen. The tabulated results of this study are summarized in Table 5 
and graphed in Figure 14. Tables 6 and 7 are included (in the appendix) 
to compare the x-ray data from the literature and also to provide a basis for 
differentiating the polymorphic phases that could be encountered in this in­
vestigation.
From Figure 14 it seems that annealing at 100°C tends to de­
crease the amount of beta present ("d" = 2.65) while increasing the amount 
of alpha ("d" - 2.87). Following "d" = 2.65 (Figure 14) it can be seen that 
the amount of beta rises to a peak for an anneal of 300°C, where it drops 
off again to a minimum at 450°C. At this point the beta again increases to 
a maximum at 550°C and then tapers off to a low at 900°C. The alpha 
("d" = 2.87) line exhibits exactly the opposite trend from the beta line
("d" * 2.65) from the cold-worked condition to the 450°C anneal. From
18
TABLE 5. SUMMATION OF X-RAY DIFFRACTION INTENSITIES^
Interplanari'/
Spacing 3.26 3.15 3.04 2.87 2.65 1.88 1.60
Phase cxz OC oc 9 c t +
Specimen
No. Treatment
28 CW 5 . 5 6.0 9.0 10.5 3.0 4.7 5.5
33 100°C 6.0 6.0 9.5 12.7 1.0 8.5 ____3 /
113 175 4.5 4.7 8.5 8.6 1.5 7.0 7.5
38 250 3.7 6.2 9.0 9.2 3.2 10,0 11.1
43 300 — 2.5 23.2 3.4 5.5 —
48 350 4.7 2.7 15.1 6.5 3.6 7.5 6.2
58 450 4.0 2.5 17.5 8.1 2.0 7.7 8.3
63 500 4.0 4.1 16.0 8.7 2.7 — —
68 550 6.7 5.2 23.7 8.9 7.4 10.0 13.5
78 650 6.0 4.1 14.8 8.2 4.0 8.0 9.6
98 850 3.6 5.0 11.0 10.9 4.1 9.0 7 . 7
107 900 2.0 3.0 15.9 7.3 2.5 4.6 —
3226 Slow Cool 22.2 41.3 21.0 88.0
4/ 1.0 15.7
—̂ Intensity values are absolute values and are an average of 2 mutually 
perpendicular orientations of the specimen.
2 /— Values from Spedding et al (17)
— Peak not scanned (------)
4/— Peak not present.
450 C to 850°C the alpha line shows a steady increase in intensity. From 
these trends in intensity of alpha and beta and from the alpha plus beta line 
("d" - 3,04) it is postulated that rapid beta formation takes place between 
250°C and 350°C with peak formation occurring at 300OC. Beta formation 
at this temperature is in direct agreement with a decrease in the amount of 
alpha present. It is also postulated that recrystallization of alpha begins at 
a temperature range of 300° to 350°C. It is possibly completed by an anneal 
of 500°C although the conflict of alpha recrystallization and the alpha to beta 
transformation grossly complicates this supposition. Probably, due to these 
two conflicting mechanisms, a maximum of alpha formation and retention is 
reached at 500°C, whereas retention of beta reaches a maximum at approxi­
mately 550°C. The beta then diminishes in intensity because of ease of 
transforming back to alpha because of a larger grain size as the annealing 
temperature is increased. Similarly, other investigators (27;28) have found
that the beta (F .C .C .) to alpha (H .C .P .) transformation in cobalt is ac- 
•
celerated and is more complete when the metal has a large grain size as 
compared to a small grain size or as a powder.
As can be seen, these last few conclusions prompted by x-ray 
data are speculative only and most certainly need more experimental data to 
establish any statements concerning recrystallization and polymorphic trans­
formations. It would therefore, at this point, be appropriate to suggest 
some lines of research to follow in an effort to establish temperature re­
lationships and mechanisms for recrystallization and alpha-beta transfor­
mation interactions in lanthanum.
1. Determine what treatments will produce all-alpha or all­
beta structures in lanthanum,
2. From each of the one-phase structures carry out a de­
formation and annealing program to determine alpha-beta 
relationships.
3. For purposes of recrystallization, start a study based on 
lanthanum with a large grained all-alpha structure,
4. Use annealing times that will promote equilibrium condi­
tions at the annealing temperatures.
5. A larger specimen should be used to improve the quality 
of the x-ray diffraction patterns.
Bibring, et al (29) suggests that the twinning plane in F .C .C . 
cobalt (Miller indices of 111) also constitutes the transformation plane to 
H.CoP, cobalt (room temperature phase), Since it was not determined by 
metallography what relationship the twinned areas and white matrix type 
areas had to the alpha and beta phases, a study in this direction might prove 
beneficial when considering the above authors (29) statement.
CHAPTER V
SUMMARY AND CONCLUSIONS
This thesis was directed toward the determination of such prop­
erties as the cold workability, recovery, recrystallization, and grain 
growth of lanthanum metal as well as the improvement of metallographic 
techniques. Literature dealing with these properties of lanthanum was 
found to be non-existant except for the workability and metallographic as­
pects „ Cold working was done by a variety of methods such as press-forg­
ing, square-rolling, and flat-rolling. Arc cast lanthanum ingots were 
reduced to sheet strip by this cold v/orking and alternated annealing treat­
ments. Final specimens for testing were prepared by cold rolling to 
various reductions from 5 % to 40 % in thickness and subsequently annealing 
each reduction at a series of seventeen temperatures from 100° to 900°C. 
Metallography, hardness, and x-ray diffraction techniques were used to 
evaluate the specimens.
Cold workability was found to be very poor for the purity of 
lanthanum tested. Lanthanum work hardens fairly rapidly and was found to 
fail at a reduction in thickness in excess of 40 %„
Recovery of hardness was found to begin in the 175° to 250°C 
range, depending upon the prior amount of cold vo rking, and to continue 
softening to an anneal of 900°C. Recrystallization could not be determined 
microscopically but hardness measurements indicate that it starts in the
400° to 450°C region.
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X-ray diffraction gives no more than an indefinite guess as to 
where recrystallization begins and this would be in the region of 350°C. 
X-ray analysis showed that alpha and beta coexisted at all annealing temper­
atures used in the recovery and recrystallization study. Beta was found to 
decrease when annealed at 100° to 175° and reach peak intensities at anneals 
of 300°C and 550°C.
Grain growth could be delineated only at temperatures of 850°C 
and above and this was believed due to the migration of impurities to grain 
boundary sites.
The improvement of the metallography of lanthanum is due to the
adaptation
adaption-of an electrolytic polish-etch swabbing technique. It was found the 
best results were obtained by using a solution composed of a 4 % nitric plus 
acetic acid solution in ethyl alcohol and electrolyzing at no-load voltages in
the 0.2 to 1.0 range.
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Figure 1. As-Received Commercial 
Lanthanum. Electrolyte No. 1 100X
Figure 2. Are Melted Commercial 
Lanthanum. Electrolyte No. 1 100X
±5835?
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Figure 3. Arc Melted Commercial 
Lanthanum. Electrolyte No. 1 500 X
Figure 4. Arc Melted Cigar-Shaped Ingot 
Prior to Cold Working.
Figure 5. Arc Melted Cigar No. 1 After Cold 
Press-Forging Fifteen Per cent. IX
Figure 6. Effect of Cold Rolling on 
Lanthanum Sheet.
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Figure 7. Fused Metal Interface Between Two 
Lanthanum Specimen. 15 % Cold Worked 
Metal on the Left and 25% Cold Worked 
Metal on the Right.




















F i g u r e  8.  E f f e c t  of  C o l d  W o r k  and 
T e m p e r a t u r e  on t h e  H a r d n e s s  o f  L a n t h a n u m.
Figure 9. Lanthanum, Cold Rolled 25 % and 
Annealed at 800°C for 1/2 Hour. Electrolyte 
No. 1. 100X
Lgure 10. Lanthanum, Cold Rolled 25 % and 
mnealed at 850°C for l/2  Hour. Electrolyte
■* r\ r\ - v
No. 1
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Figure 11. Lanthanum, Cold Rolled 25 % and 
Annealed at 900°C for 1/2 Hour. Electrolyte 
No. 1. 100X
Figure 12. Lanthanum, Cold Rolled 40 % and 
Annealed at 850°C for 1/2 Hour. Electrolyte
No. 1 100X
Figure 13. Lanthanum, Cold Rolled 40 % and 
Annealed at 875°C for 1/2 Hour.
Electrolyte No. 1 100X
3 7
A N N E A L I N G  T E M P E R A T U R E  -  ° C
F i g u r e  14'  E f f e c t  o f  A n n e a l i n g  
T e m p e r a t u r e  on the  I n t e n s i t y  o f  X - r a y  
D i f f r a c t i o n  P e a k s  f o r  C o l d  W o r k e d  






TABLE 6. COMPILATION OF LATTICE PAR\METERS FOR 
LANTHANUM AS REPORTED IN THE LITERATURE
Phase No. A^ 1
kx
C ! /  u o—
kx
C° /A 0 Ref.
o c (HCP) 1 3.72 6.06 1.63 67
2 3.754 + .01 6.061 + .03 1.613 68
3 3.757 6.05 1.61 69
4 3.74 +.01 6.06 + .02 1.62 £.01 40
5 3.763 (3 .770% 12.135 (12.159&) 3.225 6; 17
<? (FCC) 1 5.296+ .002 70
2 5.294 + .002 71
3 5.285 ± .005 40
4 5.291 37
5 5.300 (5.31&) 6; 17
6 5.242 (5.252?,) 57
Y (BCC) 1 4.251 (4.26&) 17
-  Parameters in parenthesis in Angstrom units were listed in the literature 
in Angstroms rather than kx units.
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TABLE 7. INTERPLANAR SPACINGS FOR POLYMORPHIC PHASES 
IN LANTHANUM
Phase oC OC —/ (3 Tf cC - 1
System HCP HCP FCC BCC HCP
o



























1.60 1.60 1.60 1.60
1.58 1.58 1.58
.W Lattice constants Q» and Co are in kx units.
1 / Values calculated by author, total of all possible planes between the 
two listed values.
3/ Values from specimen 3226.
